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Abstract 
In recent years, the need for controlling the patients breathing over a long duration time has become more and more important. 
Among this application the measurements of high flow rates are asked in different fields. A new development of a micro-
machined thermal flow sensor is presented with its specific integration for spirometric applications. The sensor shows a high 
accuracy, a short response time (<1 ms.) and a low power consumption (10mW). Furthermore heating structures are added on the 
chip to prevent condensation. Hence it represents an attractive solution for portable equipment for preventive exploration of 
breathing in home care applications.  
 
Keyword: Flow sensor, high flow rates, bypass solution, spirometric devices 
1. Introduction 
A novel spirometer is realized for the use in a preventive monitoring system for cardiovascular diseases. Both 
inspiration and expiration breath-flows of the patient have to be measured high precisely to permit the identification 
of any deviation compared to a healthful person (1, 2). To attain this aim a very sensitive MEMS based thermal flow 
sensor is integrated into a metal finger. In the head of the finger a small channel as fluidic bypass positioned directly 
in the middle of the tubing of a breathing mask permits the determination of the high flow rates of the human breath. 
To guarantee the reproducibility of the flow measurements a high accuracy is needed (3). This application has to 
deal with the rapidly changing fluid properties during breath. A theoretical approach was achieved to perform the 
compensation of pressure, temperature and humidity. Besides the presence of humidity or water drops in the sensor 
system have to be considered. A new sensor design including heating resistance was developed to evaporate the 
expiration humidity and saliva drops on the sensitive membrane.  
Furthermore the micro-system is conceived to be integrated in a non invasive portable system with simple 
utilization. Simultaneously a miniaturization of the whole system is needed in order to attain a good quality of live 
and acceptance of patients in the domain of home care. 
In this paper the integrated flow sensor and its adaptation for special medical applications are presented. 
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 2. Sensor integration 
The thermal sensor for spirometric applications is placed in a tube after 
the respiratory mask closed to the patient. Due to the special geometry of 
the system non uniform and turbulent gas flows with high dynamical flow 
rates between 5 and 200 l/min have to be measured. To reduce the fluidic 
resistance of the mask and tubing system large diameters (about 20 mm) 
are used. In such conditions it is difficult to give a real statement on the 
flow over the entire cross section of the fluid channel.  
The presented micromechanical flow sensor has the required accuracy 
to measure the high dynamic of the breathed air. With its high sensitivity 
and the very short response time of less than 1 ms it detects each small 
flow change. Even a cough of the patient can be detected. The high 
dynamic measurement also leads to a response signal with a high ratio of 
disturbing effects such as the flow turbulences. To avoid these phenomena 
the sensor chip is placed in a metal finger with a fluid channel used as 
bypass. Fig. 1 presents schematically the metal housing with the integrated 
silicon chip and the electronic board. It contains a rectangular flow channel 
with broad cross section and small height that leads to a laminar flow over 
the sensing element. The silicon chip is placed coplanar to the housing so 
that no steps between housing and chip border exist to prevent any 
turbulence in the bypass channel. 
To be able to measure a correct representative flow velocity of the breathed turbulent flow, the bypass is 
positioned in the middle of a venturi nozzle. On both ends of the short measurement section mesh screens are 
implemented to uniform the flow. Fig. 2 presents the photography of the flow sensor integrated in the bypass of the 
measurement finger in the tubing before the exhalation mask.  
In a first approximation the flow splitting ratio corresponds to the relationship between the cross-section area of 
the slit of the metal housing at the inlet of the bypass and the cross-section of the total tubing at the mounting 
position. A FEM simulation with ANSYS Workbench (CFX) was performed to determine the appropriate design of 
the flow channel of the bypass (see Fig. 2 (b)). The aim is to obtain a laminar flow with a decreased velocity and a 
minimal fluidic resistance of the whole finger. The simulation results lead to a very sharp edged inlet structure of the 
bypass. Rounded edges work like a nozzle and increase the flow rate inside the channel.  
Fig. 1. Schematic view of the finger head with 
integrated flow sensor chip. 
  
Fig. 2. (a) Photography of the flow sensor integration as bypass in a remaining exhalation mask.,  b) exemplified simulation 
result of the fluid velocity in the main channel like in the bypass to obtain the bypass splitting ratio. 
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3.  Experimental results and discussion 
Due to the small thermal mass of the membrane 
sensor a fast and exact capture of the high dynamic 
breath curves is feasible. The sensor chip acts after 
the calorimetric principle (Literatur). It presents a 
high accuracy for low flow rates and recognizes the 
flow direction. So the switchover points between 
inspiration and expiration can be detected perfectly. 
With suitable operating mode the measurement 
range reaches up to 300 l/min. Even the exhalation 
spikes released e.g. by coughs can be detected. 
Fig. 3 presents the calibration diagram of the 
flow sensor in a tube. For the calibration laminar air 
flows with different velocities are leaded through 
the sensor tube. The values are compared with these 
of standard commercial reference sensors, 
optimized for breath detection. Through the laminar 
flow a reproducible characteristics over the flow is attained with an extended measurement range up to 400 l/min. In 
order to simulate the human breath an adapted instrumentation with a large piston is used. The experimental setup 
allows the generation of different well defined specific inspiration and expiration sequences like sinusoidal, 
trapezoid, ATS-24 and ATS-26 curves. As example a standard sinusoidal flow volume curve is recorded as 
presented Fig. 4 (a). The flow sensor follows the reference flow and is valid not only for sinusoidal curves, but also 
for the partially high-dynamic ATS-26 curves.  
All the same the output signal of the flow sensor shows an important noise. Further investigations shows that the 
turbulences found have there origin in the production of the waveforms themselves. The steps of the piston motor 
and the oscillations of the air column during the piston drive are seen. This is possible because of the sensors high 
cutoff frequency up to 1 kHz. Therefore it is able to detect the occurrence of vocal cord dysfunction (VDC) during 
inspiration cycles which induces obstruction or air flow limitation. 
Furthermore Fig. 4 (a) shows that a large deviation between the theoretical Ambient Temperature and Pressure 
(ATP) volume flow and the measured mass flow is observed. The mass flow sensor is calibrated for one well-known 
temperature and pressure. The calculation of the volume flow out of the measured mass flow over the ideal gas 
 
Fig. 3: Calibration curve of the sensor in tubing. 
 
Fig. 4:  (a) Comparison of the theoretical volume flow and measured uncompensated mass flow versus volume.  (b) Comparison of theoretical 
and compensated flow volume diagrams. 
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 equation depends on the fluids pressure and 
temperature. During the movement of the piston 
the pressure of the air flow is changed. In a real 
breathing application the temperature changes 
from ambient temperature (inspiratory) to 37°C in 
the expiratory air flow. Not only because of the 
calibration of the sensor, but also due to the 
different definitions for the measurement of the 
respiration gas volume, it is desirable to 
implement a measuring system which can convert 
these dimensions into each another and present the 
results. The conversion of mass flow on flow rate 
or of a pressure or temperature conditions on 
another one is performed using the real gas 
equation. For the error reduction the current 
pressure, the medium temperature and the relative 
humidity have to be parallel recorded. For example in „Standardization spirometry“ (3) a temperature measurement 
with an accuracy of +/-1K by normal pressure is demanded. Table 1 gives a short overview of the calculation 
method using the gas dynamics before to adjust the measured curves. To measure directly the flow temperature over 
the thermal sensor a thermometer is integrated in the silicon chip in form of a diode. The diode gives a very precise 
value of the chip temperature. The fluid temperature can be calculated with the sensor voltage of the unheated 
membrane. Furthermore a barometric pressure sensor is integrated in the tubing after the flow sensor. Under these 
conditions the analytical calculation can be performed. The rectified curve versus the theoretical one is presented in 
Fig4. (b). A light deviation is observed between the two curves. This is due to the fact that the sensor is spatially 
separated of the experimental set up via flexible tubing. 
4. Conclusion 
Presently the anemometric determination of breath of a patient is performed by standard flow sensors consisting 
of three suspended metal wires. These sensors have a high power consumption of more than 1 W and present 
mechanical deformations under movement or acceleration which leads to high parasitic effects. We propose a 
miniaturized solution with a membrane flow sensor integrated in a by pass. Due to the complex interactions between 
the different parameters of the breath (temperature, pressure, humidity) a gas law calculation method is essential to 
compensate the output signal. Hence a high sensitive and accurate flow sensor with short response time is achieved 
using low power consumption. A solution against condensation or saliva is in development. It presents very 
promising results with an evaporation time of 10s for a 1µl water drop and a 400mW power in the heating 
resistance. 
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Table 1.  Overview of the calculation method to convert an air volume with 
well-known temperature, mass, pressure and humidity into another status. 
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